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Abstract—Epitaxially grown self-assembled InAs–InGaAs–
GaAs quantum dots (QDs) are exploited for the development of
large-format long-wavelength infrared focal plane arrays (FPAs).
The dot-in-a-well (DWELL) structures were experimentally
shown to absorb both 45 and normal incident light, therefore, a
reflection grating structure was used to enhance the quantum effi-
ciency. The devices exhibit peak responsivity out to 8.1 m, with
peak detectivity reaching 1 10�� Jones at 77 K. The devices
were fabricated into the first long-wavelength 640 512 pixel
QD infrared photodetector imaging FPA, which has produced
excellent infrared imagery with noise equivalent temperature
difference of 40 mK at 60-K operating temperature.

Index Terms—Focal plane array, infrared detector, quantum
dots (QDs).

I. INTRODUCTION

THE ARTIFICIAL atom-like properties of epitaxially self-
assembled quantum dots (QDs)were exploited in this work

for the development of large-format, long-wavelength infrared
(LWIR) focal plane arrays (FPAs) with high operability and
spatial uniformity. QDs are nanometer-scale islands that form
spontaneously on a semiconductor substrate due to lattice mis-
match. QD infrared photodetectors (QDIPs) with properly en-
gineered dots have been predicted theoretically to have signifi-
cant advantages over quantum-well infrared detectors (QWIPs)
[1]–[8]. QDIPs are fabricated using robust wide bandgap III–V
materials which are well suited to the production of highly uni-
form LWIR arrays. QD-based infrared photodetectors have the
potential to make a significant impact on the next generation
of infrared imaging systems. QDIPs possess all of the advan-
tages of traditional III–V-based infrared photodetectors, such
as: extremely high operability, mature fabrication technology,

Manuscript received July 6, 2006; revised October 27, 2006. The research
described in this paper was performed by the Jet Propulsion Laboratory, Cali-
fornia Institute of Technology, Pasadena, CA.
S. D. Gunapala, S. V. Bandara, C. J. Hill, D. Z.-Y Ting, J. K. Liu, E. R.

Blazejewski, J. M.Mumolo, S. A. Keo, and Y.-C. Chang are with the Jet Propul-
sion Laboratory, California Institute of Technology, Pasadena, CA 91109 USA.
(e-mail: Sarath.d.Gunapala@jpl.nasa.gov).
Y.-C. Chang is with the Department of Physics, University of Illinois at Ur-

bana-Champaign, Urbana, IL 61801 USA.
S. B. Rafol is with the Infravision Systems, Altadena, CA 91001 USA.
S. Krishna is with the University of New Mexico, Albuquerque, NM 87106

USA.
C. A. Shott is with the FLIR Systems Inc., Indigo Operations, Goleta, CA

93117 USA.
Color versions of one or more figures in this paper are available online at

http://ieeexplore.ieee.org.
Digital Object Identifier 10.1109/JQE.2006.889645

very large formats, and material production that is increasingly
high volume and low cost. The addition of active nanoscale par-
ticles (i.e., QDs) embeddedwithin the III–V infrared detector al-
lows for higher operating temperatures and increased bandgap
tunability without sacrificing the economic advantages of the
mature III–V infrared imaging system pipeline.
The main benefit in using the QD approach stems from 3-D

quantum confinement, which 1) enables normal incidence ab-
sorption by modifying the optical transition selection rule and
2) increases the photo-excited carrier lifetime by reducing op-
tical phonon scattering via the “phonon bottleneck” mechanism
[1]–[6]. However, QDs also have some drawbacks that need to
be addressed. In a typical detector structure, QD densities are
low (compared to the number of dopants in the active regions of
QWIPs); sowhile individual QDs are efficient absorbers, typical
QD densities are not high enough to achieve high quantum ef-
ficiency. Thus, while QD-based infrared detectors have clearly
demonstrated normal incidence absorption [5], [6], and, in some
instances, higher operating temperature as well [5]–[12], they
are still lacking in quantum efficiency and responsivity.

II. DOT-IN-THE-WELL (DWELL) INFRARED PHOTODETECTOR

The first-generation QDIPs are high-gain low-quantum-ef-
ficiency devices. Improving quantum efficiency is a key to
achieving a competitive QD-based FPA technology. This can
be accomplished by increasing the QD density, or by enhancing
the infrared absorption in the QD-containing material. There
are various versions of QDIPs, based on different materials and
designs. Thus, application engineers have a choice of devices
to select from for their applications. The particular application
which we are interested in is remote sensing of planetary
atmospheres. The tailorability of the FPA cut-off wavelength
is important in this application. We chose the dot-in-a-well
(DWELL) QDIP device structure shown in Fig. 1 for the ease
of wavelength tunability (see Fig. 2). Our specific implementa-
tion uses InAs QDs embedded in InGaAs–GaAs multiple QW
(MQW) structures, as illustrated in Fig. 1. It has been shown
that this material system can support a large number of QD
stacks without suffering material degradation, thereby allowing
high dot density. The host InGaAs–GaAs MQW structures are
highly compatible with the mature FPA fabrication process that
are used routinely to make QWIP FPAs. Similar to other inter-
subband detectors, DWELLs operate by the photoexcitation of
electrons between energy levels in the potential well created by
the nanoscale QD in a well structure. The right panel of Fig. 1
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Fig. 1. Illustration of the DWELL device. Top left panel shows the potential profile, with three pyramid shaped dots embedded in the QW. The bottom left panel
displays a calculated DWELL ground state wave function, represented by a white translucent equal-probability isosurface, localized by a pyramidal QD. The right
panel illustrates the operation of a DWELL infrared detector.

Fig. 2. Experimentally measured spectral responsivity of DWELL QDIPs
demonstrating spectral tunability by varying the well width from 55 to 100 Å.

shows that, under an applied bias voltage, these photo-excited
carriers can escape from the potential wells and be collected as
photocurrent. The wavelengths of the spectral peaks are
determined by the energy difference between quantized states
in the DWELL. The hybrid QD/QW or DWELL, device offers
two advantages: 1) challenges in wavelength tuning through
dot-size control can be compensated in part by engineering
the QW sizes, which can be controlled precisely and 2) QWs
can trap electrons and aid in carrier capture by QDs, thereby
facilitating ground state refilling [10], [11], [13]. The advantage
is that it would increase the absorption quantum efficiency.
But on the other hand, DWELL QDIPs have lower gain than
conventional QDIPs due to carrier trapping by the QWs. In
traditional QDIPs, the large photoconductive gain could lead
to higher operating temperature due to the lowering of dark
current. The tradeoff for DWELL QDIPs is the sacrifice in gain
for higher quantum efficiency.

III. QD MATERIAL GROWTH

QDs can be fabricated by taking advantage of a strain-in-
duced transformation that happens naturally in the initial
stages of epitaxial growth for lattice-mismatched materials.
One highly successful method of achieving QDs is through
self-organized growth in the Stranski–Krastanow growth

mode [14]. Similar to QWs, these structures are fabricated
by metal–organic chemical vapor depostion (MOCVD) or
molecular beam epitaxy (MBE) using III–V materials (e.g.,
InGaAs–AlAs–GaAs–InAs). Three-dimensional islands can
be formed spontaneously during strained layer epitaxy, and
they exhibit fairly good uniformity in size, shape and spatial
distribution. By using a smaller bandgap material (InAs) for
the strained layer to form the 3-D nanostructures and a larger
bandgap material for the barrier (InGaAs, GaAs, or AlGaAs),
three-dimensional carrier confinement can be achieved.
Our growth procedure follows closely that for the

DWELL structures reported in the literature [15]. In the
sample used for the FPA demonstration, the InAs QDs were
grown in the center of a 75-Å In Ga As QW at a sub-
strate temperature of 490 C. Ground state electrons were
provided to the detector by doping the InAs with Si to a density
of 5 10 cm . The approximate dot density is 3 10
cm , as determined by AFM of uncapped layers. We note,
however, the dot density of the capped layers may differ due to
segregation and diffusion. The QWswere separated by 500 Å of
undoped GaAs. We have increased the overall number of pho-
tosensitive DWELL stacks to 30. This has led to much higher
quantum efficiency in our structures than previously reported
values for DWELL QDIP structures [10]. This photosensitive
DWELL structure is sandwiched between 0.66- m GaAs top
and 0.5- m bottom contact layers doped cm .
All DWELL-QDIP wafers were grown on semi-insulating
75-mm GaAs substrates.

IV. TEST DETECTOR FABRICATION

After evaluating material quality, selected wafers were pro-
cessed into 200 m 200 m test detector mesas. DWELL
QDIP test detectors were fabricated by standard wet and dry
chemical etching through the stack of photosensitive layers into
the doped GaAs bottom contact layer. The top of the detectors
was covered with Au–Ge and Au for an Ohmic contact, which
also serves as a reflector for light incident through the bottom
contact, allowing two passes through the active layers.
Initial QDIP characterization of discrete devices included

measurements of the room-temperature absorption spectra,
side [16], [17], and normal incident responsivity spectra, dark
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Fig. 3. Measured internal absorption quantum efficiency (no grating or cavity
effects) for a 30-stack DWELL QDIP.

current, and noise. These detectors were tested in a cryogeni-
cally cooled test bed using a calibrated blackbody source to
evaluate the responsivity of the detector over the relevant range
of operating temperatures and bias voltages. The test results
were used to verify and adjust the model used in designing
the material parameters. This cycle was iterated several times
in order to develop the recipe for the final optimized detector
wafer used to make FPAs.

V. DWELL QDIP ABSORPTION QUANTUM EFFICIENCY

A separate 8-pass polished waveguide structure was fabri-
cated for absorption measurements [16], [17]. Fig. 3 shows
the measured absorption quantum efficiency from a 30-stack
DWELL QDIP, with a peak value at approximately 2.7%.
To our knowledge, this is the highest measured intrinsic ab-
sorption quantum efficiency published to date in a QD-based
LWIR infrared detector. A typical set of results on measured
normal and 45-deg incidence responsivity of the DWELL
QDIP samples are shown in Fig. 4. It is found that the normal
incidence responsivity (relative to the 45-deg responsivity) is
much stronger (almost 1 order of magnitude) than that for the
typical QWIP. At the same time, we also find that the 45-deg
incidence responsivity is four to five times stronger than the
normal incidence responsivity. This observation is consistent
with our simulation results [18]. In the typical InAs–(In)GaAs
QDIP, the dot base width is much larger than the dot height.
In such low-aspect-ratio dots, while the ground to the first
excited state transition can produce strong normal incidence
absorption, it does not contribute appreciably to the photocur-
rent under small or moderate biasing conditions because the
first excited state is deeply bound. Instead, the typical observed
photo-response is due to transition to higher excited states, and
such transitions could be induced by either normal-incidence
or inclined incidence light, depending on the symmetry of the
states involved in the optical transition. It should be noted that
this observed property is not specific to the DWELL QDIP;
similar theoretical and experimental results on conventional
InAs–GaAs QDIPs have also been reported [19].
Fig. 4 indicates that at wavelength range shown, our DWELL

QDIPs have reasonable absorption strength for normal-inci-
dence light ( -polarized; with being the normal incidence

Fig. 4. DWELL QDIP spectral responsivity measured for (a) normal incidence
and (b) 45 incidence.

Fig. 5. Normal incidence spectral responsivity of a DWELL-QDIP with and
without reflection gratings.

direction), but also absorbs inclined (or side) incidence ( -po-
larized) light even more strongly. Accordingly, we designed a
reflection grating structure to take advantage of the detector’s
ability to absorb both normal and inclined incidence light in
order to maximize quantum efficiency. As in QWIPs, normal
incidence light can be coupled to the -polarization light ab-
sorption mechanism in DWELL QDIPs by using a reflection
grating. For this experiment we grew a separate sample, with
a slightly adjusted well structure. Fig. 5 shows our measured
results on grating enhancement. Normal incidence responsivity
was measured for the DWELL QDIP sample, fabricated both
with and without a reflection grating. The device with the
reflection grating shows almost four times larger normal inci-
dent responsivity than the one without, clearly indicating the
promise of this approach.
Given that the gain of DWELLQDIPs is quite different (typi-

cally less than 1) from other intersubband detectors, it is worth-
while to examine how this affects the detector performance. The
sensitivity ofDWELLQDIPs can be evaluated bymeasuring pa-
rameters such as absolute spectral responsitivity , absorp-
tion quantum efficiency (internal) , photocurrent , dark
current , noise current , and specific detectivity . Sim-
ilar to other intersubband photodetectors, these parameters are
linked to each other through the photoconductive gain of
the detector, , and

[16], [17]. Here, is the electron charge,
is the bandwidth, is the detector area, and is the pho-

toexcitation energy. When the detector operates in background
limited conditions , since is proportional to gain,
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Fig. 6. Dark current density versus operating temperature curves of a DWELL
QDIP detector at various device bias conditions.

Fig. 7. Dark current limited and background (300K, f/2 optics) limited specific
detectivity of DWELL-QDIP as a function of operating temperature. Dark cur-
rent limited detectivities are calculated using�� � �

�
����� , experimen-

tally measured spectral responsivity and noise. Background limited detectivities
are calculated using the noise due to total current (i.e., experimentally measured
dark current� estimated photo current due to 300K f/2 background with emis-
sivity � � � and experimentally measured responsivity).

depends only on the absorption quantum efficiency , re-
gardless of the size of the photoconductive gain. Therefore, im-
proving absorption quantum efficiency is the key to improving
the ultimate performance of these detectors for background lim-
ited operation [16], [17]. Fig. 6 shows the dark current as a
function of temperature at various operating bias conditions.
Fig. 7 shows of this detector as a function of device temper-
ature at operating bias . This figure shows that the
DWELL detector reaching background limited
Jones around K temperature. In the future, we expect
to improve through reduction of dark current and increase
in quantum efficiency. Specifically: 1) dark current reduction
would extend the plateau of the BLIP (background limited per-
formance) curve to higher temperature; and 2) quantum ef-
ficiency increase would shift the BLIP curve upward over
the entire temperature range. Further reduction in dark current
would help to achieve BLIP performance at higher operating
temperatures.

VI. FPA FABRICATION

After establishing optimized layer thickness and growth
conditions for the LWIR DWELL-QDIP, the FPA material was
grown on 75-mm semi-insulating GaAs substrates. Selected
wafers were processed into FPAs. After the 2-D grating array
was defined by photolithography and dry etching, the LWIR

detector pixels of the 640 512 FPAs were fabricated by dry
etching through the photosensitive GaAs–In Ga As–InAs
layers into the 0.5- m-thick doped bottom GaAs (i.e., detector
common) layer. The pitch of the FPA is 25 m, and the actual
QDIP pixel size is 23 23 m . The 2-D grating reflectors on
top of the detectors were then covered with Au–Ge and Au for
Ohmic contact and reflection. Twelve FPAs were processed on a
75 mmGaAs wafer. Indium bumps were then evaporated on top
of the detectors for silicon read out integrated circuit (ROIC)
hybridization. Several FPAs were chosen and hybridized (via
an indium bump-bonding process) to a 640 512 pixel direct
injection CMOS ROIC (ISC-9803).
After the 640 512 pixel QDIP detector arrays were hy-

bridized to a 640 512 pixel ROIC, a simple electronic
functionality test was performed to evaluate the FPAs. Then
we thinned the selected FPA hybrids by removing the entire
substrate while leaving the detector pixels, the bottom contact
layer and the dielectric mirror. During thinning, the entire
substrate material was removed by abrasive polishing, wet
chemical etching followed by dry etching that ends at the epi-
taxially grown selective etch layer. This thinned detector array
completely eliminates the thermal mismatch issue between
the CMOS ROIC and the GaAs–InAs–AlAs-based detector
array, pixel outages, and pixel-to-pixel optical cross talk of the
FPA. Basically, the thinned GaAs-based QDIP FPA membrane
adapts to the thermal expansion and contraction coefficients
of the silicon ROIC. Thus, thinning has played an extremely
important role in the fabrication of large area FPA hybrids.
Elimination of thermal mismatch is a process of paramount
importance in achieving high quality, large area FPAs without
pixel delamination [16]. Another important consequence of the
thinning process is that the thinned structure effectively forms
a wavguide that serves to enhance the optical field, thereby
increasing the absorption quantum efficiency.

VII. FPA DEMONSTRATION

Selected detector hybrids were mounted and wire-bonded to
a leadless chip carrier (LCC). A specially designed dewar was
used to characterize the FPA functionality using a general-pur-
pose electronic system from SE-IR Incorporated. The SE-IR
system was programmed to generate complex timing patterns,
and was reconfigured to handle a development grade FPAs. The
best performance was determined by optimizing operating-pa-
rameters for each FPA. The FPAs were characterized for pixel
responsivity, quantum efficiency, noise, , pixel op-
erability, before and after uniformity correction (contribution
form both spatial and temporal), and pixel operability. The spec-
tral responsivity of the FPA was determined using a separate
single mesa test device processed with the FPA. as a
function of bias and integration time at a fixed operating tem-
perature was used as a metric for parameter optimization.
Since the QDIP is a high impedance device at operating tem-

perature, it should yield a very high charge injection coupling ef-
ficiency into the integration capacitor of the ROIC. Charge in-
jection efficiency can be obtained from

, where is the transconductance of the MOSFET ob-
tained from the measured dark current by using the expression

/kT. The dynamic resistance of the detector and
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Fig. 8. Uncorrected noise equivalent temperature difference ����� � his-
togram of the 311 040 pixels of the 640� 512 pixel QDIP FPA. The uncorrected
nonuniformity (� standard deviation/mean) of this unoptimized FPA is approx-
imately 20%. Higher nonuniformity is attributed to the reduced number of sam-
ples collected during the experiment. The corrected nonuniformity has reduced
to 0.2% after two-point correction.

ROIC is calculated from ,where is the
capacitance of the ROIC integration capacitor, and t is the in-
tegration time. The measured differential resistance of the
23 23 m pixels at 350mV bias is 5.5 10 (compared
to the calculated dynamic resistance of ) at

K, and detector capacitance is 1.4 10 F. The
detector total current (i.e., ) is pAunder
the same operating conditions. We have integrated the signal for
20ms. The input capacitance of ISC 9803ROIC is 350 fF, which
yields of 10 . According to the equation above,
the charge injection efficiency % at a frame rate
of 30Hz. The FPAwas back-illuminated through the flat thinned
substrate membrane (thickness
1000 Å). This initial array gave very good images with 99% of
the pixels working, demonstrating the high yield of GaAs tech-
nology. The operability was defined as the percentage of pixels
having within 3 at 300 K background with f/2 optics
and in this case operability happens to be equal to the pixel yield.
We have used the following equation to calculate the FPA

, where
is the blackbody detectivity, is the derivative of

the integrated blackbody power with respect to temperature, and
is the field of view angle [i.e., , where
is the number of the optical system]. The background tem-

perature K, the area of the pixel m ,
the number of the optical system is 2, and the frame rate is
30 Hz. Fig. 8 shows the experimentally measured his-
togram of the FPA at an operating temperature of K,
bias mV at 300-K background with f/2 optics. The
mean value is 40 mK. This agrees reasonably well with
our estimated value of 25 mK based on test structure data. The
read noise of the multiplexer is 500 electrons. The experimen-
tally measured FPA mean quantum efficiency of the FPA was
5.0% (See Fig. 9). Thus, the absorption quantum efficiency of
the DWELL QDIP discussed in this paper has increased by a
factor of 1.8 due to optical cavity/waveguiding effects resulting
from substrate thinning. This is very similar to light coupling

Fig. 9. Experimentally measured absorption quantum efficiency histogram of
the 311 040 pixels of the 640� 512 pixel QDIP FPA. The photoconductive gain
of the detector at � � ���� mV is 0.14.

efficiency enhancement due to substrate thinning routinely ob-
tained in QWIP FPAs. The experimentally measured photocon-
ductive gain of the detector pixels at mV is 0.14.

VIII. FOCAL PLANE ARRAY CAMERA

A 640 512 pixel QDIP FPA hybrid was mounted onto
a 84-pin LCC and installed into a laboratory dewar which is
cooled by liquid nitrogen to demonstrate a LWIR imaging
camera. The FPA was cooled to 60K by pumping on liquid
nitrogen and the temperature was stabilized by regulating the
pressure of gaseous nitrogen. The circular cold stop of the
imaging system was f/2 and the dewar window transmission
was 90%. The digital data acquisition resolution of the camera
is 14-bits, which determines the instantaneous dynamic range
of the camera (i.e., 16 384) [16], [17].
The measured mean of the QDIP camera is

40 mK at an operating temperature of K and bias
mV at 300 K background with f/2 optics. This is in good

agreement with expected FPA sensitivity due to the practical
limitations on charge handling capacity of the multiplexer, read
noise, bias voltage and operating temperature. The uncorrected

nonuniformity of the 640 512 pixels FPA is about
20% ( sigma/mean). Fig. 8 shows the histogram
of this first unoptimized 640 512 pixel QDIP FPA and the
higher sigma/mean was due to the reduced number of samples
acquired during the measurement. The number of samples was
reduced by a factor of 16 due to the high 1/f noise of the data
acquisition system used during this experiment. The nonunifor-
mity after two-point (17 Cand 27 C) correction improves to
less than 0.2%. The corrected nonuniformity could be reduced
if we use a measurement system with lower 1/f noise.
Video images were taken at a frame rate of 30 Hz at temper-

atures as high as K using a ROIC capacitor having a
maximum charge capacity of 11 10 electrons (the maximum
number of photoelectrons and dark electrons that can be counted
in the integration time of each detector pixel). Fig. 10 shows an
image taken with this long-wavelength 640 512 pixels QDIP
camera.
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Fig. 10. Image taken with the first 640� 512 pixels QDIP LWIR FPA imaging
system with an f/2 AR coated germanium optical assembly.

IX. CONCLUSION

Rapid progress in the development of QD infrared detector
technology has resulted in the demonstration of a number of
MWIR and LWIR FPA in the 256 256 or 320256 format, op-
erating at temperatures ranging from 80 to 135 K [20]–[22]. In
this work we report a 640 512 pixel LWIR QDIP FPA with

of 40 mK at an operating temperature of 60 K. To the
best of our knowledge, this is the largest format LWIR QDIP
FPA demonstrated to date. In addition, it also has the lowest

. A unique feature of this QDIP FPA is the use of a
reflection grating to improve detection sensitivity. The higher
sensitivity (i.e., low ) is attributed to the higher respon-
sivity. This high responsivity is directly associated with the light
coupling grating and optical cavity effect, without which the re-
sponsivity would have been an order of magnitude lower. We
should point out that the reflection grating-based sensitivity en-
hancement scheme could be implemented not just for DWELL
QDIPs, but for conventional QDIPs also.
The performance of DWELL-QDIP presented here still lags

behind that for the state-of-the-art QWIPs. The is still lim-
ited by the high dark current and the relatively low quantum ef-
ficiency. To improve the device performance, we would need to
optimize the device structure to decrease the dark current, and
to increase the dot density or the number of dot stacks.
In evaluating the quality of an image from a FPA, of partic-

ular interest is the role of FPA parameters such as operability
and uniformity. A more detailed discussion on this subject can
be found in [17], which points out that for cm Hz/W,
the FPA imaging performance becomes less dependent on detec-
tivity andmore on array spatial uniformity. Although the 40-mK

value presented in this work is best achieved to date in
a QDIP-based FPA, it is also not quite as low as that for the
QWIP FPAs (typically less than 20 mK). As mentioned earlier,
this is in part attributed to the fewer number of samples col-
lected during the FPA characterization. In addition, this could
be attributed to the lower detectivity, and possibly also to lower

spatial uniformity of the QDIP material due to size distribution
of QDs. To improve , we would need to increase the
detectivty and FPA uniformity. One of the assumed advantages
of QDIP is that it should produce FPAs with high spatial uni-
formity since it is based on mature III–V materials. Our results
seem to indicate that although the spatial uniformity is not yet
on par with the excellent uniformity demonstrated in QWIPs, it
nevertheless is quite good for an early demonstration FPA, and
hopefully should improve as QD growth technology matures.
Another aspect is that since the QDIP arrays can be thinned
down to a membrane, the thermal mismatch issues between de-
tector array and silicon ROIC are eliminated. Consequently, the
QDIP interconnect operability should also be quite high. The
FPA performance presented in this work is significant in that it
demonstrates QDIP FPAs with high operability and high spatial
uniformity could be attainable in practice.
Finally, it should be noted that in addition to the performance

already discussed in this paper, the QDIP array technology of-
fers additional positive attributes that should not be overlooked.
Large substrates (150-mm wafers) are readily available for
growth. A 150-mm GaAs wafer contains sufficient real estate
to produce over forty 640 512 arrays at a 25- m pitch, thus
providing favorable economy of scale. Also, since the QDIP
FPA thinning technology eliminates thermal mismatching
problems, the array area can be quite large. This, coupled
with the demonstrated spatial uniformity, makes it feasible to
produce very large format (multimega-pixel) QDIP FPAs.
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